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ABSTRACT
We investigate the evolutionary connection between local IR-bright galaxies (logLIR ≥
11.4L⊙) and quasars. We use high angular resolution (∼ 0.3-0.4arcsec∼ few hundred
parsecs) 8−13µm ground-based spectroscopy to disentangle the AGN mid-IR proper-
ties from those of star formation. The comparison between the nuclear 11.3µm PAH
feature emission and that measured with Spitzer/IRS indicates that the star formation
is extended over a few kpc in the IR-bright galaxies. The AGN contribution to the total
IR luminosity of IR-bright galaxies is lower than in quasars. Although the dust dis-
tribution is predicted to change as IR-bright galaxies evolve to IR-bright quasars and
then to optical quasars, we show that the AGN mid-IR emission of all the quasars in
our sample is not significantly different. In contrast, the nuclear emission of IR-bright
galaxies with low AGN contributions appears more heavily embedded in dust although
there is no clear trend with the interaction stage or projected nuclear separation. This
suggests that the changes in the distribution of the nuclear obscuring material may
be taking place rapidly and at different interaction stages washing out the evidence
of an evolutionary path. When compared to normal AGN, the nuclear star formation
activity of quasars appears to be dimming whereas it is enhanced in some IR-bright
nuclei, suggesting that the latter are in an earlier star-formation dominated phase.
Key words: galaxies: active – quasars: general – galaxies: Seyfert – infrared: galaxies
– galaxies: evolution.
⋆ E-mail: aalonso@cab.inta-csic.es
1 INTRODUCTION
The evolutionary connection between “cool” (IRAS 25µm
to 60µm colors f25/f60 . 0.3) ultraluminous infrared (IR)c© 2016 The Authors
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galaxies (ULIRGs, defined to have 8−1000 µm IR luminosi-
ties LIR > 10
12 L⊙), to “warm” (f25/f60 & 0.3) ULIRGs,
and optical quasars was proposed almost thirty years ago
(Sanders et al. 1988). In this scenario IR bright activity and
in particular ULIRG activity is triggered by interactions be-
tween gas-rich galaxies that merge, go through an optical
quasar phase and eventually evolve into elliptical galaxies
(see review by Sanders & Mirabel 1996). Numerical simu-
lations predict that during the merger phase both intense
star formation and a dust enshrouded active galactic nu-
cleus (AGN) phase co-exist in the dusty nuclear regions
of most ULIRGs before energetic feedback from an AGN
and/or star formation clears the nuclear region of gas and
dust (see e.g. Di Matteo et al. 2005; Hopkins et al. 2008).
Plenty of observations now support this scenario at least
in terms of the AGN detection rate and increased AGN
bolometric contribution to the system luminosity with in-
creasing IR luminosity for local luminous infrared galax-
ies (LIRGs, with IR luminosities LIR = 10
11 − 1012 L⊙)
and ULIRGs (Kim et al. 1995; Veilleux et al. 1995, 2009a;
Imanishi et al. 2007; Yuan et al. 2010; Nardini et al. 2008,
2010; Petric et al. 2011; Alonso-Herrero et al. 2012).
There has been considerable effort devoted to under-
standing the relation between the IR luminosity and the
morphology, merger state, star formation rate and AGN
dominance of ULIRGs and how all these properties relate
to those of optical quasars. In particular, using Spitzer In-
frared Spectrograph (IRS, Houck et al. 2004) mid-infrared
(mid-IR) spectroscopic observations,Veilleux et al. (2009a)
showed that ULIRGs do not seem to follow a simple evolu-
tionary path to optical quasars, either in terms of the AGN
bolometric dominance or the Eddington ratios. Moreover,
Farrah et al. (2009) based on the same data set proposed
that the lifecycle of local ULIRGs consists of three phases
with the first one during pre-coalescence being dominated by
star formation activity. The subsequent final evolution of the
ULIRG may or may not go through a quasar phase depend-
ing on the properties of the progenitor galaxies. For quasars,
Haas et al. (2003) proposed an evolutionary sequence which
is driven by the geometry of the dust in their nuclear regions
to explain the variety of observed optical and IR spectral in-
dices.
In spite of the high AGN incidence in the population
of local IR-bright galaxies, little is known about the de-
tailed properties of the dust surrounding the AGN and
star formation activity of their nuclear regions and how
they relate to the putative torus of the Unified Model.
Studies of local universe type 1 quasars have shown that
their unresolved near- and mid-IR emission can be repro-
duced with clumpy dusty torus models with small cover-
ing factors (Mor et al. 2009; Mart´ınez-Paredes et al. 2016;
Mateos et al. 2016), whereas quasars optically classified as
type 2 have larger covering factors (Mateos et al. 2016). On
the other hand, the nuclear mid-IR AGN emission of lo-
cal ULIRGs has only been modeled for a handful of objects.
The results vary from source to source with some being mod-
eled with high covering factor torus models and high fore-
ground extinctions (Alonso-Herrero et al. 2013b; Mori et al.
2014; Mart´ınez-Paredes et al. 2015), others requiring fully
embedded heating sources (Levenson et al. 2007), and some
having relatively small covering factors and properties sim-
ilar to those of other Seyfert 1 nuclei (for instance the
nucleus of the LIRG NGC 7469, see Ho¨nig et al. 2010;
Alonso-Herrero et al. 2011; Ichikawa et al. 2015).
In this work we take advantage of the nearly factor
of 10 improved angular resolution afforded by mid-IR in-
struments on 8-10m class telescopes when compared to
Spitzer/IRS to investigate the evolutionary connection be-
tween local IR-bright galaxies and quasars. We use new and
existing high angular resolution (∼ 0.3− 0.4 arcsec) ground-
based mid-IR spectroscopy mostly obtained with the Canari-
Cam (Telesco et al. 2003; Packham et al. 2005) instrument
on the 10.4m Gran Telescopio CANARIAS (GTC). By us-
ing high angular resolution we are able to isolate nuclear
scales of a few hundred parsecs where the AGN and star
formation processes are believed to be more tightly coupled
(Hopkins & Quataert 2010). We observed a sample of local
LIRGs and ULIRGs with IR luminosities logLIR ≥ 11.4L⊙,
as at these luminosities most systems are interacting galaxies
or mergers (see e.g. Hung et al. 2014; Larson et al. 2016, and
references therein). We dub these systems IR-bright galax-
ies. As a comparison sample we observed optical quasars
which are mostly Palomar-Green (PG) quasars from the
Bright Quasar Sample (Schmidt & Green 1983). Among the
IR-bright galaxy sample there are four IR-bright PG quasars
(see Section 2 for more details on our definition). These
quasars tend to show more pronounced merger-induced mor-
phological anomalies and thus might be at an earlier evolu-
tionary stage than IR-faint quasars (Veilleux et al. 2009b).
Cao et al. (2008) reached a similar conclusion by compar-
ing the properties of the mid-IR Spitzer/IRS spectra of IR-
bright and IR-weak quasars. Therefore, IR-bright quasars
might represent a transition phase to the evolution to clas-
sical optical quasars.
The paper is organized as follows. Section 2 describes
the samples of IR-bright galaxies and quasars. Section 3
gives details on the new and existing mid-IR observations
used in this work. Section 4 presents the analysis of the
mid-IR spectroscopy, whereas Section 5 discusses the mid-
IR AGN and nuclear star formation properties of local IR-
bright galaxies and the comparison sample of quasars. In
Section 6 we investigate the possible evolutionary connection
between the mid-IR AGN properties and nuclear star forma-
tion activity of IR-bright galaxies and quasars and finally in
Section 7 we present our conclusions. Throughout this work
we use the following cosmology: H0 = 73 kms
−1Mpc−1,
ΩM = 0.27, and Ωλ = 0.73.
2 THE SAMPLES
Our sample of IR-bright galaxies contains 14 local systems
with IR luminosities in the range logLIR = 11.4 − 12.5L⊙
(see Fig. 1 and Table 1), hosting an AGN (see below) and
with available high angular resolution (∼0.3-0.4 arcsec) mid-
IR imaging and spectroscopy (see Section 3). All but one
are part of our GTC/CanariCam mid-IR survey of local
AGN (see Alonso-Herrero et al. 2016, for details). Accord-
ing to their IR luminosities, 7 systems are LIRGs and 7
are ULIRGs. We selected our sample of IR-bright galax-
ies to cover mostly close (projected nuclear distances of
< 10 kpc) interaction and merger phases. Using the morpho-
logical classification of Veilleux et al. (2002) we have (see
Table 1) 6 close interacting galaxies termed class IIIb, 5
MNRAS 000, 1–20 (2016)
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Table 1. The sample of local IR-bright galaxies.
Galaxy IRAS Name Redshift Dist Class logLIR Morph Ref Other name
(Mpc) (L⊙)
IZw1 IRAS00509+1225 0.058900 248 Sy1 11.86 IVb E06 PG0050+124
Mrk 1014 IRAS01572+0009 0.163110 748 Sy1 12.53 IVb Y10 PG0157+001
NGC 1614 IRAS04315−0840 0.015938 65.5 Cp 11.58 IIIb Y10
Mrk 1073 IRAS03117+4151 0.023343 95.3 Sy2 11.39 Pair/IIIa? V95
IRAS 08572+3915 - 0.058350 254 NW/SE-Sy2: 12.11 IIIb Y10
UGC 5101 IRAS09320+6134 0.039367 168 Sy2: 12.00 IV Y10
Arp 299 IRAS11257+5850 0.010411 45.2 Sy2/L 11.83 IIIb GM06
Mrk 231 IRAS12540+5708 0.042170 181 Sy1 12.50 IVb Y10 UGC08058
IRAS 13349+2438 - 0.107641 483 Sy1 12.32 IV/V? W09 [HB89]1334+246
Mrk 463 IRAS13536+1836 0.050355 219 E-Sy1/W-Sy2 11.78 IIIb GM07
IRAS 14348−1447 - 0.083000 366 SW/NE-Cp: 12.26 IIIb Y10
Mrk 478 IRAS14400+3539 0.079055 347 Sy1 11.52 V E06 PG1440+356
NGC 6240 IRAS16504+0228 0.024480 103 L 11.83 IIIb Y10
IRAS 17208−0014 - 0.042810 181 HII 12.40 IV Y10
Notes. — Dist is the luminosity distance taken from NED for H0 = 73 km s
−1Mpc−1, ΩM = 0.27, and Ωλ = 0.73. The IR luminosity is
in the 8− 1000 µm range. The morphology class follows the criteria defined by Veilleux et al. (2002): IIIa wide binary (nuclear
separation > 10 kpc); IIIb close binary (nuclear separation < 10 kpc); IVa: diffuse merger; IVb: compact merger; V: old merger; Pair: In
a pair. The references are for the optical class except for Mrk 478 and IZw1 which is for the IR luminosity: GM06: Garc´ıa-Mar´ın et al.
(2006), Y10: Yuan et al. (2010), W09: Wu et al. (2009), GM07: Garc´ıa-Mar´ın (2007), V95: Veilleux et al. (1995), E06: Evans et al.
(2006).
Table 2. The comparison sample of IR-weak quasars.
Galaxy Redshift Dist Class logLIR Other name
(Mpc) (L⊙)
Mrk 335 0.025785 103 Sy1 10.75 PG0003+199
PG0804+761 0.100000 443 Sy1 11.83
PG0844+349 0.064000 279 Sy1 10.94
PG1211+143 0.080900 358 Sy1 11.61
3C273 0.158339 734 Sy1 12.68 PG1226+023
PG1229+204 0.063010 276 Sy1 10.90
PG1411+442 0.089600 396 Sy1 11.61
Mrk 1383 0.086570 383 Sy1 11.55 PG1426+015
Mrk 841 0.036422 157 Sy1.5 10.96 PG1501+106
Mrk 509 0.034397 141 Sy1.5 11.17
Notes.—The IR luminosities are from Weedman et al. (2012) corrected to
our cosmology except for Mrk 841 which is computed from the IRAS fluxes
listed in NED.
mergers termed class IV, and 1 old merger termed class
V. Mrk 1073 is part of the Perseus cluster and probably
paired with UGC 2612 (Levenson et al. 2001) at a projected
distance greater than 10 kpc, so likely in the IIIa class. Fi-
nally, the ULIRG/IR-bright quasar IRAS 13349+2438 (see
Low et al. 1989, and below) has no morphological classifi-
cation but it shows a compact appearance which probably
indicates a merger The projected nuclear separations be-
tween the nuclei of galaxies classified as IIIb are as follows,
6.1 kpc for IRAS 08572+3915, 5.5 kpc for IRAS 14348−1447,
4.5 kpc for Arp 299, 3.8 kpc for Mrk 463 (Garc´ıa-Mar´ın et al.
2009), 3 kpc for NGC 1614 (this galaxy is classified as a mi-
nor merger by Larson et al. 2016, and references therein),
0.7 kpc for NGC 6240 (Komossa et al. 2003), and 0.2 kpc
for IRAS 17208−0014 (Medling et al. 2014, 2015).
The high angular resolution (0.3−0.4 arcsec) of our mid-
IR data (see Sections 3.1 and 3.2) allows us to resolve the
emission from the individual nuclei of those IR-bright galax-
ies in our sample in class IIIb except for IRAS 17208−0014
(see also Section 3.3). Of the systems with double nuclei,
only two systems have IR-bright nuclei for which we could
obtain sufficiently high signal-to-noise (S/N) ratio spectra
(see Section 3), namely for the eastern and western compo-
nents of Arp 299 (IC 694 and NGC 3690, respectively, see
Alonso-Herrero et al. 2013b, and Fig. 2) and NGC 6240N
and NGC 6240S (see Alonso-Herrero et al. 2014, and Fig. 3).
For the other three close interacting systems in our sample
only one nucleus is sufficiently IR-bright to obtain ground-
based mid-IR spectroscopy (see next section), namely,
IRAS 08572+3915N, Mrk 463E, and IRAS 14348−1447S
(see Alonso-Herrero et al. 2016, for more details). For the
minor merger NGC 1614 we only observed the main galaxy.
Therefore, our sample of local IR-bright galaxies contains 16
individual nuclei.
In terms of the optical spectral classification, all the IR-
bright galaxy sample nuclei but one are classified as AGN,
that is, Seyfert (Sy), LINER (L), or Composite (Cp, that
is, located between the H ii and Seyfert classes in opti-
MNRAS 000, 1–20 (2016)
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cal line ratio diagnostic diagrams). The only exception is
IRAS 17208−0014, which is classified as H ii in the op-
tical but has evidence of AGN activity based on X-ray,
IR and submillimeter data (Gonza´lez-Mart´ın et al. 2009;
Veilleux et al. 2009a; Garc´ıa-Burillo et al. 2015). The me-
dian distance of the IR-bright galaxy sample is 181Mpc.
Our ground-based mid-IR spectroscopic observa-
tions were by necessity flux-limited (mid-IR fluxes
above approximately 20mJy within small apertures, see
Alonso-Herrero et al. 2016) and required compact mor-
phologies. This may introduce some biases in the results
derived for our sample of IR-bright galaxies. In particular,
our sample of IR-bright galaxies (also the sample of quasars,
see below) might be biased towards more AGN-dominated
sources and/or sources with compact nuclear star forma-
tion. For instance, those nuclei in the interacting systems
for which we could not get observations are classified as Sy
or Cp but were both faint and not compact. This means
that the AGN likely contribute little to their nuclear mid-
IR emission. Therefore these AGN have very low fractional
contributions to the total IR luminosities of the systems (see
Section 5.1). Finally, we note that Dı´az-Santos et al. (2011)
showed that local LIRGs and ULIRGs with a significant
AGN contribution tend to show relatively compact mid-IR
continuum emission. Thus it is likely that our sample of IR-
bright galaxies with AGN classifications is not too different
from the general population of local IR-bright galaxies with
significant AGN contributions.
We also compiled mid-IR spectroscopic observations
with a similar high angular resolution for a comparison
sample of 10 optically selected local quasars, mostly PG
quasars taken from the work of Mart´ınez-Paredes et al.
(2016). These quasars were chosen to match bolometrically
the luminosities of our sample of IR-bright galaxies (see Fig-
ure 1 of Alonso-Herrero et al. 2016, for the 2− 10 keV lumi-
nosities of the PG quasars). We list the properties of the
sample of quasars in Table 2. The median luminosity dis-
tance of the quasar sample is 319Mpc.
Although the IR luminosities of six of the 10 optically
selected quasars would put them in the (U)LIRG class (see
Table 2 and Fig. 1), they are IR-weak quasars (see Low et al.
1989), based on their IR to optical B-band luminosity ra-
tios (typically ratios LIR/LB between 1 and 3, as calcu-
lated using total B-band magnitudes from NED). Among
the IR-bright galaxies in our sample there are also four
optically selected quasars (IZw1, Mrk 1014, Mrk 478, and
IRAS 13349+2439), of which three are in the PG catalog
(see Table 1). These are, however IR-bright quasars based
on their observed IR to B-band ratios (LIR/LB ratios be-
tween 4 and 11). Our IR-bright and IR-weak quasar clas-
sifications are consistent with the far-IR strong and weak
classes of Netzer et al. (2007) based on the observed 60µm
to 15µm ratios of PG quasars. Finally, Mrk 231 is also con-
sidered the nearest quasar (Boksenberg et al. 1977) and has
a dusty broad absorption line region obscuring the contin-
uum source and the standard broad absorption line region
(Veilleux et al. 2013). Thus, Mrk 231 might be a bona-fide
emerging IR-bright quasar in the local universe.
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log LIR [L⊙]
0
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Figure 1. Distributions of the IR luminosities of the systems for
the sample of IR-bright galaxies (red histogram) and the compar-
ison sample of IR-weak quasars (blue histogram).
3 OBSERVATIONS
3.1 New GTC/CanariCam imaging observations
We obtained new mid-IR high angular resolution imag-
ing observations of the interacting LIRG Arp 299 with
GTC/CanariCam on the night of 2016 January 26 in queue
mode. These observations were part of our GTC/CanariCam
AGN guaranteed time program (PI: C. Telesco). We used the
Si-2 filter which has a central wavelength of λc = 8.7µm and
a width of ∆λcut = 1.1µm, at 50% cut-on/off. The Canari-
Cam 320 pixel× 240 pixel Si:As detector has a plate scale of
0.0798 arcsec pixel−1 which provides a field of view (FoV) of
26 arcsec×19 arcsec. We therefore required two pointings to
cover the nuclei and bright star forming regions of Arp 299.
The mid-IR spectroscopy of the bright nuclei of Arp 299 was
presented in Alonso-Herrero et al. (2013b).
The observations were taken using the standard mid-
IR chop-nod technique with on-source integration times of
608 s for each of the two pointings. We also obtained an
image of a standard star with the same filter to perform
the photometric calibration and assess the image quality of
the observations. We reduced the data using the Canari-
Cam pipeline redcan (Gonza´lez-Mart´ın et al. 2013) that
includes for imaging observations stacking of the individual
observations, rejection of bad images and flux calibration.
Figure 2 shows the fully reduced image of the two galax-
ies of Arp 299. Using the image of the standard star we
measured an image quality of the observations of 0.48 arcsec
(FWHM). The GTC/CanariCam Si-2 filter imaging data of
the rest of the IR-bright galaxies in the sample are pre-
sented in Alonso-Herrero et al. (2016) except for IZw1 which
is in the sample of optically selected quasars analyzed by
Mart´ınez-Paredes et al. (2016).
MNRAS 000, 1–20 (2016)
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Figure 2. The upper panel is the Spitzer/IRAC 8µm image of Arp 299 shown in a square root scale to emphasize the diffuse emission.
The white squares represent the approximate FoV of the GTC/CanariCam images shown in the lower panels of the two galaxies in the
system: IC 694 or Arp 299A (left), and NGC 3690 (right). The nuclear region of NGC 3690 is the B1 source. B2 is a bright optical source,
whereas C and C’ are bright star forming regions in the overlapping region of the two galaxies. The CanariCam images were obtained
with the Si-2 filter (λc = 8.7µm). We smoothed the CanariCam images using a Gaussian function with σ = 0.6 pixels. The orientation
of the images is north up, east to the left, and are shown in a linear scale.
3.2 Existing high angular resolution mid-IR
spectroscopic observations
We compiled high angular resolution (image quality of ∼
0.3−0.4 arcsec, FWHM) mid-IR ∼ 7.5−13µm spectroscopy
of the sample of 14 local IR-bright systems listed in Table 1
and the comparison sample of 10 IR-weak quasars in Ta-
ble 2. These data were obtained with ground-based instru-
ments on 8− 10m class telescopes. The majority of systems
in both samples were observed with the CanariCam instru-
ment on the GTC in spectroscopic mode with a spectral res-
olution of R = λ/∆λ ∼ 175 as part of the CanariCam AGN
guaranteed time program, an ESO/GTC large program (ID:
182.B-2005 Alonso-Herrero et al. 2016) or through the GTC
Mexican open time (see Mart´ınez-Paredes et al. 2016). The
ULIRG IZw1 and the PG quasar Mrk 509 were observed in
the mid-IR using VISIR (Lagage et al. 2004) on the VLT by
Burtscher et al. (2013) and Ho¨nig et al. (2010), respectively,
with a spectral resolution of R ∼ 300 and similar image
quality to the CanariCam spectra. We reduced all the Ca-
nariCam imaging and spectroscopic data using the redcan
pipeline (Gonza´lez-Mart´ın et al. 2013). We refer the reader
to Alonso-Herrero et al. (2016) and Mart´ınez-Paredes et al.
(2016) for full details on the CanariCam observations, in-
cluding the extraction of the spectra, the correction for pos-
sible slit losses, and their photometric calibration.
The GTC/CanariCam and VLT/VISIR mid-IR spec-
MNRAS 000, 1–20 (2016)
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Figure 3. Top panels. GTC/CanariCam image (right, shown in a linear scale) at 8.7µm of the central region of NGC 1614, which clearly
resolves the nucleus (marked with a black cross) and the circumnuclear ring of star formation (see Pereira-Santaella et al. 2015, for a
detailed study of this galaxy). The Spitzer/IRAC 8µm image (left, shown in a square root scale) shows a larger FoV with the white
square representing the approximate FoV of the right panel and also the approximate size of the Spitzer/IRS SL slit width (3.7 arcsec).
The orientation of the images is north up, east to the left. Middle panels. Same as upper panels but for NGC 6240. The GTC/CanariCam
8.7µm image (right) of the nuclear region of NGC 6240 clearly resolves the two nuclei of this interacting system (see Alonso-Herrero et al.
2014, 2016, for more details). Bottom panels. Same as the upper panel but for IRAS 17208−0014. The nearly nuclear point source seen
in the IRAC 8µm image (left) is clearly resolved in the GTC/CanariCam image (right). We tentatively identify the western nucleus
with the peak of the 8.7µm emission. The projected separation of the two nuclei (∼ 0.24 arcsec ∼ CanariCam 3 pixels, see Medling et al.
2014, 2015), shown as black crosses, is slightly smaller than the FWHM of the CanariCam image (0.26 arcsec, see Alonso-Herrero et al.
2014).
MNRAS 000, 1–20 (2016)
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troscopic observations were taken with similarly sized slit
widths of 0.52 arcsec and 0.75 arcsec, respectively. At the
median distances of the IR-bright galaxy sample and the
IR-weak quasar sample (see Section 2), the physical sizes
probed by our ground-based slits range between 112 pc and
1396 pc, and between 248 pc and 1376 pc, respectively.
3.3 Archival Spitzer/IRAC and IRS observations
For both samples we obtained fully reduced Spitzer/IRS low
spectral resolution (R ∼ 60− 120) spectra from the Cornell
Atlas of Spitzer/IRS Sources (CASSIS, Lebouteiller et al.
2011, version LR7), except for the nuclear regions of Arp 299
for which we used the spectra of Alonso-Herrero et al.
(2009). In this work we only used the spectral range cov-
ered by the short-low (SL) mode, ∼ 5 − 15µm, as this is
the range used by the spectral decomposition tool (see Sec-
tion 4.1) and the spectra with optimal extraction regions.
The slit width of the SL spectra is 3.7 arcsec.
We also retrieved from the Spitzer archive fully cal-
ibrated Infrared Array Camera (IRAC, Fazio et al. 2004)
images at 8µm rebinned to a pixel size of 0.6 arcsec. The
FWHM of the IRAC images is approximately 2 arcsec. In
Figs. 2 and 3 we show a few examples in the IR-bright galaxy
sample comparing the Spitzer/IRAC 8µm morphologies and
the nuclear morphologies resolved by our GTC/CanariCam
8.7µm images. These figures emphasize the gain in angular
resolution of the ground-based mid-IR observations.
The GTC/CanariCam 8.7µm images of Arp 299 show
emission stemming not only from the bright mid-IR sources
(A, B1, B2, C and C’) but also from H ii regions in the spi-
ral arms of the eastern component and to the north west
of B1, as well as extended emission around B1 (see Fig. 2
and Alonso-Herrero et al. 2009). The IRAC 8µm image of
IRAS 17208−0014 shows a bright nearly point source, which
is clearly resolved and extended in the east-west direction in
the GTC/CanariCam 8.7µm (see Fig. 3, bottom panels).
The projected separation of the two nuclei identified in this
galaxy (see Medling et al. 2014, 2015) is approximately the
same as the FWHM of the image (0.26 arcsec) and cannot
therefore be resolved. However, based on the nuclear Brγ
(Medling et al. 2014) and Paα (Piqueras Lo´pez et al. 2012)
morphologies of this system and the similarity between hy-
drogen recombination line and 8.7µm morphologies of local
LIRGs (Dı´az-Santos et al. 2008), we tentatively identify the
peak of the CanariCam emission with the western nucleus
of IRAS 17208−0014. Garc´ıa-Burillo et al. (2015) proposed
that this nucleus hosts an obscured (i.e., Compton-thick,
see Gonza´lez-Mart´ın et al. 2009) AGN which is responsible
for the energetic outflow detected in molecular gas in this
system. We note that the extraction aperture used for the
GTC/CanariCam spectra includes emission from the two
nuclei. NGC 1614 and NGC 6240 were discussed in detail
in Pereira-Santaella et al. (2015) and Alonso-Herrero et al.
(2014), respectively.
4 ANALYSIS
4.1 Deriving the AGN mid-IR properties
Even on sub-arcsecond resolution the mid-IR emission
of local (U)LIRG nuclei can have a significant contribu-
tion from star formation activity, as revealed by the de-
tection of polycyclic aromatic hydrocarbon (PAH) fea-
tures, in particular the 11.3 µm PAH feature (see e.g.
Soifer et al. 2002; Dı´az-Santos et al. 2010; Mori et al. 2014;
Pereira-Santaella et al. 2015; Alonso-Herrero et al. 2014,
2016). To study the AGN mid-IR emission of local
(U)LIRG nuclei, we need to disentangle it from that due
to star formation. Spectral decomposition methods have
been proven effective in doing so for local (U)LIRGs (see
e.g. Nardini et al. 2008, 2010; Alonso-Herrero et al. 2012;
Mart´ınez-Paredes et al. 2015) and have been mostly applied
to Spitzer/IRS spectra.
We use the deblendIRS tool1 (Herna´n-Caballero et al.
2015) to do the spectral decomposition of the ground-
based mid-IR spectra of the two samples. deblendIRS is
an idl/gdl-based routine that uses Spitzer/IRS observa-
tional spectral templates to decompose the mid-IR 5−15µm
spectra of galaxies into AGN, interstellar (PAH), and stel-
lar (STR) components. Although deblendIRS was origi-
nally designed to be used with IRS spectra, it can be easily
adapted to do the spectral decomposition of ground-based
spectroscopy by setting the adequate spectral range. We
note, however that this routine uses templates taken with
IRS. We are therefore assuming that the mid-IR emission
associated with star formation activity on kpc scales resem-
bles that taking place in the vicinity of the AGN.
deblendIRS provides the best-fitting model to the
data and it also gives the probability distribution functions
(PDF) of the fitted AGN, PAH and STR fractional com-
ponents to the 5 − 15µm emission within the slit as well
as of AGN mid-IR properties such as the mid-IR spectral
index αMIR in the range ∼ 5 − 15µm, the strength of the
9.7µm silicate feature SSil (defined as ln f/fc where f is
the flux density at the feature and fc is the flux density of
the underlying continuum). We calculated the AGN rest-
frame 12µm monochromatic luminosity, νLν(12µm), using
the best-fit AGN component at that wavelength.
In Appendix A we show two examples of the graphi-
cal output from deblendIRS for an IR-bright galaxy with
AGN-dominated mid-IR emission (Mrk 463E) and an IR-
bright galaxy with a star formation-dominated nuclear mid-
IR spectrum (IRAS 17208−0014). In Tables 3 and 4 we list
the results from the deblendIRS spectral decomposition of
the nuclear spectra of the IR-bright galaxies and compar-
ison quasars, respectively. We provide for each galaxy the
reduced χ2 value of the best fitting model, the rest-frame
12µm monochromatic AGN luminosity, the best fit value of
the AGN, PAH and stellar contributions in the 5 − 15µm
spectral range within the slit, the median value of the AGN
fraction contribution at rest-frame 12µm and 1σ confidence
interval (i.e., the 16% and 84% percentiles of the PDF), the
median value of the AGN mid-IR spectral index and 1σ
confidence interval, and the median value of the strength
of the silicate feature (positive values indicate that the fea-
1 http://denebola.org/ahc/deblendIRS
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Table 3. deblendIRS results for the ground-based high angular resolution spectra of the IR-bright galaxy sample.
Galaxy χ2 AGN νLν (12µm) Mid-IR Contribution AGN Frac. at 12µm AGN SSil AGN αMIR LIR(AGN)/LIR
(erg s−1) AGN PAH STR
IZw1 2.2 6.5 × 1044 0.82 0.00 0.18 0.87[0.78, 0.96] 0.20[ 0.05, 0.39] -1.68[-2.13,-1.29] 0.37
Mrk 1014 4.9 9.4 × 1044(∗) 0.90 0.10 0.00 0.90[0.85, 0.97] 0.22[0.00, 0.52] -1.22[-1.86,-0.81] 0.12
Mrk 1073 2.0 2.2 × 1043 0.61 0.15 0.24 0.71[0.54, 0.87] -0.96[-1.59,-0.33] -2.00[-2.73,-1.28] 0.05
NGC 1614 7.6 2.0 × 1043 0.61 0.39 0.00 0.63[0.57, 0.72] -0.75[-1.07,-0.53] -2.94[-3.75,-2.55] 0.03
IRAS 08572+3914N 65.2 3.5 × 1044 1.00 0.00 0.00 0.99[0.98, 1.00] -4.16[-4.31,-4.04] -0.14[-0.27,-0.02] 0.16
UGC 5101 5.3 4.6 × 1043 0.82 0.18 0.00 0.76[0.55, 0.89] -2.42[-3.50,-1.39] -1.41[-2.14,-0.78] 0.03
IC 694 12.3 2.2 × 1043 0.78 0.20 0.02 0.86[0.82, 0.91] -3.46[-3.62,-3.34] -1.66[-1.79,-1.54] 0.02
NGC 3690B1 2.1 7.3 × 1043 0.65 0.00 0.35 0.79[0.76, 0.82] -1.67[-1.89,-1.41] -1.89[-2.05,-1.71] 0.06
Mrk 231 4.6 1.7 × 1045 0.90 0.06 0.04 0.93[0.89, 0.97] -0.68[-0.81,-0.54] -2.20[-2.56,-1.96] 0.22
IRAS 13349+2438 2.8 3.2 × 1045(∗) 0.99 0.01 0.00 0.97[0.94, 0.99] 0.17[-0.01, 0.34] -0.75[-1.23,-0.37] 0.65
Mrk 463E 2.5 6.8 × 1044 0.92 0.08 0.01 0.87[0.78, 0.96] -0.47[-0.72,-0.22] -2.36[-2.77,-1.96] 0.68
IRAS 14348−1447S 3.4 4.6 × 1043(∗) 0.57 0.39 0.03 0.54[0.24, 0.83] -1.55[-3.62,-0.09] -1.34[-2.55,-0.20] 0.02
Mrk 478 1.8 2.9 × 1044(∗) 0.89 0.11 0.00 0.76[0.58, 0.91] 0.04[-0.30, 0.37] -1.70[-2.47,-1.07] 0.37
NGC 6240N 4.9 1.0 × 1043 0.42 0.58 0.00 0.42[0.15, 0.62] -1.32[-3.51,-0.03] -1.58[-2.64,-0.39] 0.01
NGC 6240S 15.6 7.7 × 1043 0.58 0.39 0.04 0.66[0.60, 0.72] -1.82[-3.49,-1.03] -2.16[-3.77,-1.61] 0.07
IRAS17208−0014 3.0 1.5 × 1043 0.31 0.69 0.00 0.42[0.17, 0.64] -1.68[-3.69,-0.13] -1.34[-2.51,-0.20] 0.01
Notes.— The listed χ2 values are reduced ones. For the AGN rest-frame 12µm luminosities, those galaxies marked with (∗) the ground-based spectra do not
cover the rest-frame 12 µm and the values were estimated from the extrapolation of the AGN best-fit template. The mid-IR contributions of the AGN, PAH,
and STR components are in the 5− 15 µm spectral range and within the slit. For the fitted AGN fractional contribution at 12 µm within the slit, mid-IR
5 − 15µm spectral index and strength of the silicate feature we give the median value and in brackets the 16% and 84% percentiles of the PDFs.
Table 4. deblendIRS results for the ground-based high angular resolution spectra of the IR-weak quasars.
Galaxy χ2 AGN νLν (12µm) Mid-IR Contribution AGN Frac. at 12µm AGN SSil AGN αMIR LIR(AGN)/LIR
(erg s−1) AGN PAH STR
Mrk 335 2.0 4.3 × 1043 0.78 0.02 0.19 0.58[0.34, 0.82] -0.09[-0.97, 0.38] -1.58[-2.56,-0.73] 0.32
PG0804+761 2.7 9.2 × 1044(∗) 0.82 0.00 0.18 0.90[0.85, 0.99] 0.24[ 0.09, 0.40] -1.40[-1.81,-0.96] 0.56
PG0844+349 3.6 1.3 × 1044 1.00 0.00 0.00 0.88[0.79, 0.96] 0.27[ 0.00, 0.50] -1.76[-2.55,-1.28] 0.60
PG1211+143 2.8 5.8 × 1044(∗) 0.95 0.02 0.03 0.87[0.76, 0.96] 0.25[ 0.04, 0.46] -1.51[-1.91,-1.13] 0.58
3C273 1.2 4.7 × 1045(∗) 0.91 0.05 0.04 0.92[0.86, 0.97] 0.09[-0.09, 0.27] -0.93[-1.25,-0.58] 0.41
PG1229+204 3.2 1.3 × 1044 0.93 0.07 0.00 0.82[0.69, 0.94] 0.11[-0.26, 0.43] -1.78[-2.58,-1.13] 0.65
PG1411+442 1.4 4.4 × 1044(∗) 0.85 0.00 0.15 0.79[0.64, 0.93] 0.11[-0.13, 0.36] -1.34[-1.84,-0.80] 0.44
Mrk 1383 3.1 5.3 × 1044(∗) 0.99 0.00 0.01 0.87[0.75, 0.96] 0.14[-0.13, 0.38] -1.87[-2.66,-1.41] 0.62
Mrk 841 2.6 1.5 × 1044 0.94 0.00 0.06 0.92[0.83, 0.97] -0.13[-0.34, 0.14] -2.26[-2.70,-1.86] 0.70
Mrk 509 0.9 1.9 × 1044 0.89 0.02 0.09 0.86[0.71, 0.95] 0.06[-0.21, 0.29] -1.83[-2.58,-1.38] 0.52
Notes.— All the columns are as in Table 3.
ture is in emission and negative values in absorption) and
1σ confidence interval. Since the AGN spectral templates
are flatter than those accounting for the stellar and inter-
stellar emission (i.e., STR and PAH templates, see Figure 2
of Herna´n-Caballero et al. 2015), the contribution from the
AGN at long wavelengths is generally lower than the inte-
grated values for the entire 5− 15µm range.
The reduced χ2 values derived from the fits to the
mid-IR ground-based spectra of the IR-bright galaxies and
quasars in our sample indicate that in the majority of the
cases the reliability of the fits is good. The highest value
of χ2 is for IRAS 08572+3915N for which none of the
AGN templates, including the “obscured AGN” templates,
reproduces its extremely deep silicate absorption. We re-
fer the reader to Appendix A for a more detailed discus-
sion on fits of sources with deep silicate features and high
values of χ2. Deep silicate features are believed to be re-
lated to additional extinction due to either dust lanes in the
host galaxy or the merger process (see Goulding et al. 2012;
Gonza´lez-Mart´ın et al. 2013, and also Section 6.1). We fi-
nally note that for sources with SSil < −2 both the AGN
fraction and AGN luminosity should be considered as up-
per limits, because the ”obscured AGN” templates could be
composite sources.
Finally, we also performed the spectral decomposition of
the Spitzer/IRS spectra of the IR-bright galaxy and quasar
samples. In Appendix 2 we show the comparisons between
the derived AGN spectral index and strength of the sili-
cate feature for the IRS and ground-based spectra using
deblendIRS. We demonstrate that the results are compat-
ible for the majority of the sources. We however use the
deblendIRS AGN results obtained from the ground-based
mid-IR spectra because they allow us to compare them with
the star formation activity on nuclear scales (see Sections 4.2
and 6.2).
4.2 Measuring the 11.3µm PAH feature
The PAH features and in particular the 11.3µm
PAH emission are good proxies for deriving the star
formation rate (SFR) in starburst galaxies, LIRGs
and ULIRGs (Brandl et al. 2006; Farrah et al. 2007;
Alonso-Herrero et al. 2013a) as well as in Seyfert galax-
ies and other AGN (Shi et al. 2007; Netzer et al. 2007;
Diamond-Stanic & Rieke 2012). To measure the 11.3µm
PAH feature from both the high angular resolution and
the Spitzer/IRS spectra, we fitted a local continuum on
both sides of the feature (rest frame 10.75 − 11.0 µm and
11.65−11.9 µm) and integrated the feature within the spec-
tral range λrest = 11.05 − 11.55 µm. We refer the reader to
Herna´n-Caballero & Hatziminaoglou (2011) for more details
on this method and to Esquej et al. (2014) for its implemen-
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tation for ground-based mid-IR spectroscopy. We estimated
the uncertainties in the flux and equivalent width (EW) of
the feature by performing Monte Carlo simulations using
the calculated dispersion around the measured fluxes and
EWs in 100 simulations of the original spectrum. For the
CanariCam spectra we used the random noise distributed
as the standard deviation calculated over 5 pixels. For the
IRS spectra we only used the rms error provided by CASSIS.
In Table 5 we give the luminosity and EW of the 11.3µm
PAH feature measured on nuclear scales (given in parsecs)
and the ratios between the nuclear and the Spitzer/IRS
fluxes for both the local IR-bright galaxies and the IR-weak
quasars. We note that for galaxies at approximately z >
0.08, the spectral range covered by the ground-based data
does not allow us to measure this PAH feature and therefore
are not listed in this table. As we did in Esquej et al. (2014),
we considered a detection when the flux of the 11.3µm PAH
feature was at least twice its error. This is equivalent to
having the PAH feature detected with a significance of 2σ
or higher (i.e., with a 95% confidence or higher). For the
nuclear non-detections of the PAH feature the upper limits
to the 11.3 µm PAH luminosity and EW in the table are
given at the 2σ level. For IZw1, Mrk 463E, Mrk 335, and
PG1229+204 nuclear 11.3 µm PAH emission may be present
but with a low (∼ 1−1.5σ) significance. Thus for these four
nuclei in Table 5 we give the measurement value plus 1σ
uncertainty as upper limits.
5 NUCLEAR MID-IR EMISSION OF
QUASARS AND IR-BRIGHT GALAXIES
5.1 AGN rest-frame 12µm luminosities and
contribution to IR luminosity
Using the results from deblendIRS we derived the
monochromatic rest-frame 12µm luminosities of the AGN in
the samples of the IR-bright galaxies and IR-weak quasars.
For those nuclei where the observed ground-based ∼ 7.5 −
13µm spectra did not cover the rest-frame 12µm (marked
in Tables 3 and 4), we derived the luminosities by extrapo-
lating the best-fit AGN component. Tables 3 and 4 list the
derived rest-frame 12µm AGN luminosities for the IR-bright
galaxy and quasar samples, respectively, and Fig. 4 shows
the corresponding histograms.
As can be seen from this figure, the median val-
ues of the AGN luminosities (using the 12µm AGN lu-
minosity as a proxy, see e.g. Asmus et al. 2014, 2015,
and references therein) of the local IR-bright galaxies are
slightly lower than those of the IR-weak quasars. How-
ever, the IR-bright galaxy AGN show a broader distribution.
Their faint luminosity end (log νLν(12µm) ∼ 10
43 erg s−1)
still corresponds to typical values of local Seyfert galax-
ies (Asmus et al. 2014; Alonso-Herrero et al. 2016) even for
those nuclei optically classified as L, Cp and H ii (see Ta-
ble 1). The high end of the 12µm AGN luminosity dis-
tribution (log νLν(12µm) ≥ 10
45 erg s−1) of the sample of
local IR-bright galaxies is contributed by two IR-bright
quasars (e.g., Mrk 1014 and IRAS 13349+2438) as well as
the emerging quasar Mrk 231. Based on the observed dis-
tribution of the 12µm AGN luminosities of the PG quasars
in our sample, we consider that AGN with monochromatic
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Figure 4. Distributions of the AGN rest-frame 12µm monochro-
matic luminosities derived with deblendIRS for the the sample
of IR-bright galaxies (red histogram) and the comparison sam-
ple of IR-weak quasars (blue solid histogram). The vertical lines
mark the median of the distributions for the IR-bright galaxies
(solid red line) and IR-weak quasars (blue dashed line).
12µm luminosities greater than a few 1044 erg s−1 indi-
cate the presence of a quasar. Therefore in our IR-bright
galaxy sample, IRAS 08572+3915N and Mrk 463E (see also
Mazzarella et al. 1991), which are not identified as optical
quasars, would be good candidates for buried quasars. In-
terestingly, these two are in close interacting systems and
not in fully merged ULIRGs, thus suggesting that quasars
can be formed before the end of the interaction process (see
e.g. Hopkins et al. 2006, 2008; Ramos Almeida et al. 2010).
However, as noted in Section 4.1, for the fully embedded
nuclear source of IRAS 08572+3915N the 12µm AGN lumi-
nosity should be considered an upper limit. Therefore, from
now on we we will refer as the sample of IR-bright quasars
to the following six objects: IZw1, Mrk 1014, Mrk 231,
IRAS 13349+2438, Mrk 463E, and Mrk 478.
The AGN fractional contributions within the slit (typ-
ical physical regions of a few hundred parsecs) at 12µm
and in the ∼ 5 − 15µm spectral range for the IR-bright
galaxy nuclei (see Table 3) show a large variation going
from 0.4 (NGC 6240N and IRAS 17208−0014) to nuclei
completely dominated by the AGN emission (e.g., Mrk 1014
and IRAS 13349+2438). The median value of the AGN frac-
tional contribution at 12µm for the IR-bright galaxy nuclei
is 0.78 (within the slit). This high value is not surprising be-
cause our sample selection required relatively compact emis-
sion and this tends to select IR-bright galaxies with AGN-
dominated mid-IR fluxes within the slit (see discussion in
Section 2). The nuclear (typical physical scales of hundreds
of pc) mid-IR emission of the majority of quasars in our
sample appears to be dominated by AGN emission (median
value AGN contribution at 12µm of 0.87), which is consis-
tent with the AGN fractional contributions at 24µm derived
from Spitzer/IRS spectroscopy by Shi et al. (2007).
We can use the average AGN and quasar templates of
Mullaney et al. (2011), which have LAGNIR /νL
AGN
ν (12µm) =
2.3 and 1.6, respectively, to derive the IR (8−1000 µm) emis-
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Table 5. High angular resolution nuclear measurements of the 11.3µm PAH feature and nuclear SFRs.
Galaxy Region L(11.3µmPAH) EW(11.3µmPAH) Nuc/IRS Nuclear SFR
(pc) (1042 erg s−1) (µm) ratio (M⊙ yr−1)
IR-bright galaxies
IZw1 ≤ 810 < 0.6 < 0.01 <0.5 <3
NGC 1614 160× 610 0.76 0.39 ± 0.02 0.40 0.8
Mrk 1073 ≤ 230 0.17 0.08 ± 0.01 0.11 0.9
IRAS 08572+3915N ≤ 570 < 0.4 < 0.02 – –
UGC 5101 392× 755 0.60 0.21 ± 0.03 0.19 3.0
IC 694 ≤ 112 0.11 0.10 ± 0.01 0.08 0.6
NGC 3690B1 ≤ 112 < 0.1 < 0.01 <0.1 <0.4
Mrk 231 ≤ 420 < 1.2 < 0.01 <1 <6
Mrk 463E ≤ 499 < 0.8 < 0.01 <0.5 <4
Mrk 478 ≤ 750 1.53 0.05 ± 0.01 0.53 7.6
NGC 6240N 247× 475 0.70 0.87 ± 0.13 0.19 3.6
NGC 6240S ≤ 247 1.53 0.27 ± 0.02 0.41 7.6
IRAS 17208−0014 421× 809 1.19 0.56 ± 0.08 0.26 6.0
IR-weak quasars
Mrk 335 ≤ 248 < 0.1 <0.03 <1 –
PG 0844+349 ≤ 621 < 0.4 <0.04 – –
PG 1229+204 ≤ 615 < 0.5 <0.04 <3 –
Mrk 841 ≤ 367 < 0.2 <0.01 <3 –
Mrk 509 ≤ 480 0.19 0.011 ± 0.004 0.20 1.0
Notes.— The Spitzer/IRS SL slit covers both nuclei of NGC 6240, Mrk 463, and IRAS 08572+3915, whereas for Arp 299 the two
nuclei, NGC 3690B1 and IC 694, were observed separately (see Alonso-Herrero et al. 2009). The upper limits to the size of the emitting
region indicate that the mid-IR nuclear emission appeared unresolved at the observed angular resolution of the ground-based
spectroscopy (see Alonso-Herrero et al. 2016) and correspond to the slit width. The nuclear to IRS ratios refer to the luminosity ratios.
The nuclear SFR take into account the factor of 2 needed to correct the PAH luminosities measured with a local continuum to the
values obtained with pahfit and use the Diamond-Stanic & Rieke (2012) calibration.
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Figure 5. Combined probability distribution functions of the AGN mid-IR (5 − 15µm) spectral index (right panel) and strength of
the silicate feature (left panel) derived with deblendIRS. The IR-bright galaxy sample includes the IR-bright quasars and contains 16
nuclei, the IR-weak quasar sample contains 10 nuclei, and the IR-bright quasar sample contains 6 nuclei.
sion of the AGN. We find that the IR emission of the AGN
contribute between 1% (NGC 6240N and IRAS 17208−0014)
and ∼ 68% (Mrk 463E) of the total IR luminosity of the sys-
tem in our IR-bright galaxy sample with a median value of
10%. This is in contrast with the AGN mid-IR dominance
within the central hundred parsecs and indicates that the IR-
bright galaxies in our sample have extended star formation
over several kiloparsecs (see also Section 5.3). The largest
AGN contributions among the IR-bright galaxies are, not
surprisingly, for the IR-bright quasars. These estimates are
in good agreement with the average 35−40% AGN bolomet-
ric contribution estimated for local ULIRGs (Veilleux et al.
2009a; Nardini et al. 2010) and 5 − 15% for local LIRGs
(Petric et al. 2011; Alonso-Herrero et al. 2012) applying dif-
ferent methods to the Spitzer/IRS spectra. For the quasars
the AGN contribution to the IR luminosity is higher than
for the IR-bright galaxies, with values in the range 30−70%
and a median contribution of 60%.
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5.2 AGN silicate feature and mid-IR spectral
index
For each nucleus in the IR-bright galaxy and quasar sam-
ples, we list in Tables 3 and 4 respectively the median values
and 1σ confidence intervals of the fitted strengths of the sil-
icate feature and mid-IR spectral index of the AGN compo-
nent. As can be seen from these tables, the AGN hosted in
IR-bright galaxies show a broader range of strengths of the
silicate feature than the IR-weak quasars. The latter tend to
have values consistent with the feature being slightly in emis-
sion, as also found by other studies using Spitzer/IRS spec-
troscopy (see e.g. Shi et al. 2006; Thompson et al. 2009). In
terms of the AGN spectral index in the 5 − 15µm range,
the two samples show values that are similar to values de-
rived for Seyfert galaxies although some for slightly different
spectral ranges (see e.g. Thompson et al. 2009; Ho¨nig et al.
2010; Ramos Almeida et al. 2011; Herna´n-Caballero et al.
2015; Alonso-Herrero et al. 2016).
To make a statistical comparison of the derived mid-
IR AGN properties of IR bright galaxies and quasars we
combined the individual PDF of the the mid-IR 5 − 15µm
spectral index and the strength of the silicate feature from
the deblendIRS spectral decomposition for the nuclei of the
samples. We show the resulting combined PDFs in Fig. 5
and the statistics in Table 6. We note that the relatively
small size of our samples means that some of the observed
peaks in the combined PDF are due to individual nuclei
with relatively well constrained values of the AGN SSil and
αMIR (see discussion below). However, we prefer to show
the combined PDFs rather than the PDF for the individual
galaxies as the PDF for some individual objects are quite
broad whereas the combined PDF contain more information.
The expectation value for αMIR derived from the com-
bined PDFs (median of the distribution) is similar for
the samples of IR-bright galaxies and the IR-weak quasars
(αMIR = −1.7 to − 1.8). However, the distribution for the
nuclei of IR-bright galaxies shows a slightly broader tail to-
ward flatter mid-IR spectral indices. On the other hand, the
distributions of the strengths of the silicate features for the
AGN component are markedly different for the two sam-
ples. The IR-weak quasars show a narrow distribution cen-
tered at SSil = 0.07 (the silicate feature slightly in emission),
whereas the distribution for the AGN hosted by IR-bright
galaxies (including IR-bright quasars, but see below) is much
broader with a median value of SSil = −0.90. These results
are similar to the findings for ULIRGs and optical quasars
by Veilleux et al. (2009a) based on the Spitzer/IRS spec-
troscopy.
We also produced the combined PDFs for the IR-bright
quasars alone (six nuclei excluding IRAS 08572+3915N), see
bottom panels of Fig. 5 and Table 6. The best-fit AGN com-
ponents for both IR-bright and IR-weak quasars are rela-
tively similar (see Fig. 6), as also reflected by the median
values of the combined PDFs of SSil and αMIR. However,
there are some slight differences in the 16%−84% percentiles
of the combined PDF of SSil. There is a second peak in the
distribution of the AGN SSil of the IR-bright quasars at
SSil ∼ −0.8, which is due to the two ”transitioning quasars”
in our sample, namely, Mrk 463E and Mrk 231 (the two
best-fit AGN components with the 9.7µm silicate feature
in absorption in Fig. 6). Conversely, the peak at a value
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Figure 6. The thick color lines are the deblendIRS best-fit AGN
components of the ground-based mid-IR spectra of the IR-weak
quasars (upper panel) and IR-bright quasars (lower panel), nor-
malized at 12µm.
SSil ∼ 0.1 − 0.2 seen in the combined PDF of the IR-bright
galaxy nuclei is contributed by the IR-bright quasars (IZw1,
Mrk 1014, IRAS 13349+2438, and Mrk 478), whereas the
rest of the AGN components in the IR-bright galaxy sample
appear to be much more obscured.
In Section 6 we will investigate further the possible evo-
lutionary connection between IR-bright galaxies and quasars
and the interaction stage of the AGN mid-IR emission.
5.3 Nuclear star formation activity
In this section we use the 11.3µm PAH feature emission to
study the star formation activity in the nuclear regions of the
IR-bright galaxy sample. Of the 13 IR-bright nuclei where
the ground-based spectral range allowed measurements, we
detected the 11.3µm PAH feature (with a detection signif-
icance better than 2σ) in 7 of them (see Table 5). The nu-
clear values of the EW of the 11.3µm PAH feature for most
of the nuclei in the IR-bright galaxy sample are below the
typical values of star forming galaxies (∼ 0.5 − 1µm, see
for instance Herna´n-Caballero & Hatziminaoglou 2011) be-
cause of the increased AGN fractional contribution at 12µm
when using high angular resolution data. For the 11.3µm
PAH non-detections there still can be a small contribution
from star formation activity in the nuclear region. Our up-
per limits show that sources with undetected 11.3µm PAH
features could still have 11.3 µm PAH luminosities of a few
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Table 6. Statistics of the combined PDF for the fitted mid-IR AGN properties.
Sample Number AGN SSil AGN αMIR
Median [16%, 84%] Median [16%, 84%]
IR-bright galaxies 16 -0.90 [-3.52, 0.09] -1.79 [-2.63, -0.73]
IR-weak quasars 10 0.07 [-0.24, 0.33] -1.68 [-2.40, -1.04]
IR-bright quasars 6 -0.03 [-0.68, 0.29] -1.58 [-2.39, -0.35]
1041 erg s−1. This shows that detecting PAH emission may
be difficult when the AGN continuum dominates the emis-
sion at 12µm unless the spectrum has a high S/N ratio. In
galaxies with deep silicate features (e.g., IRAS 08572+3915N
in our sample) it is possible that the 11.3 µm PAH emission
is obscured by the same foreground absorber that obscures
the AGN continuum (see also discussion by Veilleux et al.
2009a). In fact for IRAS 08572+3915N, the 100% AGN con-
tribution in the mid-IR is because this galaxy is fitted with
an “obscured AGN” template which might be suffering from
the same effect.
Since we also measured the 11.3 µm PAH feature in the
Spitzer/IRS spectra, we computed the ratios between the
nuclear and the IRS 11.3µm PAH luminosities (fifth col-
umn of Table 5). The ratios for the IR-bright galaxy sample
indicate that there is a large fraction with extended PAH
emission from the nuclear physical scales probed with the
ground-based data (hundreds of parsecs) to the few kpc
scales probed by the IRS slit. The two nuclei in the IR-
bright galaxy sample with the most extended 11.3µm PAH
emission (nuclear to IRS ratios of 0.08 and < 0.1) are the
two components of Arp 299 (see Fig. 2), as also revealed by
the deep GTC/CanariCam imaging at 8.7µm with the Si-2
filter2. The rest have ratios of between 0.1 and 0.5. For the
nuclear spectra with only upper limits to the 11.3µm PAH
feature ratios are consistent with compact emission (ratios
0.5− 1).
For the 5 IR-weak quasars where the ground based spec-
tra covered the 11.3µm PAH feature (see Table 5), we only
detected the feature in Mrk 509 (see also Ho¨nig et al. 2010)
with an EW of 0.011 ± 0.004 µm. This lack of detections is
not surprising as the EW of the 11.3µm PAH feature mea-
sured from the Spitzer/IRS spectra for the PG quasars in
our sample are in the range 0.068 ± 0.002µm for Mrk 509
and 0.009 ± 0.002 µm for Mrk 335. The 11.3µm PAH fea-
ture of PG0804+761 remained undetected even in the IRS
spectrum. Since the ground-based slits are about ∼ 7 times
narrower than the IRS SL one, higher AGN contributions
within the smaller slits would produce even smaller EW of
the PAH features. As can be seen from Table 5, three quasars
have formally nuclear upper limits to the 11.3 µmPAH fluxes
larger than the IRS one due to the S/N ratio of the Canari-
Cam spectra. Clearly, the nuclear to IRS ratios have to be
lower than one.
In Fig. 7 we plot the nuclear 11.3µm PAH fea-
ture luminosities from ground-based data against those
measured from the Spitzer/IRS spectra for the IR-bright
galaxy sample. From the slit widths and angular resolu-
tion we estimate that if the emission was uniformly dis-
2 This relatively narrow mid-IR filter probes the emission from
the 8.6µm PAH feature, see Figure 4 of Dı´az-Santos et al. (2008).
tributed we would expect a ratio between the two lu-
minosities for the GTC/CanariCam spectra of approxi-
mately 50. In this figure, for NGC 1614 we plot the nu-
clear (central ∼ 150 pc) 11.3µm PAH luminosity estimated
by Pereira-Santaella et al. (2015) rather than our 160 pc ×
610 pc extraction, which leads to a nuclear to IRS ratio of ap-
proximately 0.1. As can be seen from this figure, the 11.3µm
PAH emission of the majority of the IR-bright galaxies while
extended over several kpc is not uniformly distributed. It
does not appear to be very compact either (approximately
ratios of less than a few tenths), except perhaps for some
of nuclei with nuclear upper limits and NGC 6240S. If the
11.3µm PAH emission traces the recent star formation activ-
ity in IR-bright galaxies, this indicates that star formation
is extended over several kiloparsecs and not taking place
uniformly distributed. Indeed, near-IR HST and ground-
based hydrogen recombination line observations show that
in local (U)LIRGs star formation takes place in high sur-
face brightness H ii regions (see e.g. Alonso-Herrero et al.
2006; Arribas et al. 2012; Piqueras Lo´pez et al. 2016). The
morphologies traced by the GTC/CanariCam 8.7µm imag-
ing observations of those IR-bright galaxies in our sample
with clearly resolved nuclear regions (see Figs. 2 and 3, and
also Dı´az-Santos et al. 2008, for other lower IR luminosity
LIRGs) also confirm this.
Our results agree with lower angular resolution
Spitzer/IRS studies that measured the spatial extent of
mid-IR spectral features in a complete sample local LIRGs
from the Great Observatories All-sky LIRG survey (GOALS,
Armus et al. 2009). While the extent of the [Ne ii]12.8µm
line emission is restricted to the central few kpc of these
galaxies, the PAH emission and in particular the 11.3µm
feature is clearly more extended (Dı´az-Santos et al. 2010,
2011). Moreover, in (U)LIRGs with mid-IR AGN contribu-
tions > 50%, like many of those those analyzed in this work,
the mid-IR continuum is more compact than the PAH emis-
sion. This is especially prevalent in those systems experi-
encing the latest stages of an interaction (Dı´az-Santos et al.
2011). This also agrees with our findings for some of
the IR-bright galaxies in our sample studied in detail in
Alonso-Herrero et al. (2014).
Using the calibrations of the SFR in terms of
the luminosity of the 11.3µm PAH luminosity (see
Diamond-Stanic & Rieke 2012; Shipley et al. 2016) we find
nuclear (not corrected for extinction) SFR3 for the nuclei
of IR-bright galaxies (see Table 5) between 0.6M⊙ yr
−1 for
3 We note that Diamond-Stanic & Rieke (2012) when deriving
their SFR recipe measured the fluxes of the 11.3µm PAH fea-
tures using pahfit instead of a local continuum near the feature
as in our work (Section 4.2). The pahfit fluxes are on average
twice those measured with a local continuum (see Smith et al.
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Figure 7. Comparison between the nuclear 11.3µm PAH lumi-
nosities as measured from high angular resolution ground-based
spectroscopy and kpc-scales 11.3µm PAH luminosities as mea-
sured from Spitzer/IRS spectroscopy for the IR-bright galaxy
sample. Symbols are color-coded by the AGN fractional contri-
bution at 12 µm within the ground-based slits. Different symbols
indicate the interaction class (see Table 1). The arrows indicate
upper limits to the ground-based measurements of the PAH fea-
ture. The upper straight line indicates approximately uniformly
distributed PAH emission whereas the lower line is the 1:1 rela-
tion, that is, all the emission is nuclear.
IC 694 and 7.6M⊙ yr
−1 for NGC 6240S assuming an ini-
tial mass function similar to that of Kroupa (2002). Tak-
ing into account the physical sizes covered by the ground-
based slits, these translate into nuclear SFR per unit
area between 18M⊙ yr
−1 kpc−2 for IRAS 17208−0014 and
160M⊙ yr
−1 kpc−2 for NGC 6240S. These values are typical
of the nuclear values derived by Piqueras Lo´pez et al. (2016)
for a sample of local (U)LIRGs based on extinction-corrected
Paα or Brγ luminosities.
Taking into account the estimated nuclear SFR per unit
area in our sample of IR-bright galaxies and the AGN contri-
butions to the nuclear emission, we suggest that NGC 1614,
IC 694 and NGC 6240S would be potentially good candi-
dates for starburst-driven powerful outflows based on the
observed correlation between SFR per unit area and outflow
velocity (Arribas et al. 2014; Heckman et al. 2015). Indeed,
Feruglio et al. (2013) and Garc´ıa-Burillo et al. (2015) have
confirmed the presence of starburst-driven outflows in the
southern nucleus of NGC 6240 and the nuclear region of
NGC 1614, respectively, using molecular gas data.
2007, for more details). We therefore multiplied our 11.3µm PAH
luminosities by this factor when deriving the nuclear SFRs.
6 EVOLUTIONARY SEQUENCE OF MID-IR
PROPERTIES BETWEEN IR-BRIGHT
GALAXIES AND QUASARS?
6.1 Nuclear Obscuring Material
In this section we look for evidence for an evolution of the
obscuring material around the AGN between the IR-bright
galaxies, IR-bright quasars and IR-weak quasars. To do so,
we use the derived mid-IR AGN properties, namely, the
spectral index, the strength of the silicate feature, and the
fractional contribution to the mid-IR emission. With regards
to the AGN properties, Haas et al. (2003) predicted an evo-
lutionary change of the mid-IR slope toward flatter indices
from “warm” ULIRGs (those dominated by AGN emission)
to young quasars, evolved quasars and finally dead quasars.
“Cool” ULIRGs, even those hosting an AGN, are dominated
by star formation, and emit most of their energy in the far-
IR. In “cool” and “warm” ULIRG systems the dust is dis-
tributed in a more spherical configuration and as the system
evolves to a quasar the dust distribution is predicted to de-
velop a disk or torus-like configuration. From their figure 12
we can see that their predictions for the shape of the IR
emission encompasses physical scales of less than 1 kpc which
compare well with the physical sizes probed by our ground-
based spectroscopy. Moreover, in the context of the predic-
tions from clumpy torus models the mid-IR slope and the
strength of the silicate feature provide information about the
radial distribution of the clouds and the number of clouds
along the equatorial direction in the torus (Ho¨nig et al. 2010;
Ramos Almeida et al. 2014).
Figure 8 compares the AGN mid-IR spectral index to
the AGN strength of the silicate feature for the IR-bright
galaxies and quasars as derived with deblendIRS. The
sources are color-coded by the fractional AGN contribution
at 12µm and the IR-bright galaxies are shown with their in-
teraction class given in Table 1. Most of the IR-weak quasar
sample and the IR-bright quasars (the latter recognised as
having high AGN fractional contributions and IV or V mor-
phologies) are located in the region around SSil = 0 (see also
Fig. 9) but span the same range of mid-IR spectral indices as
the rest of the IR-bright galaxy sample. This indicates that
in general the nuclear mid-IR emission of type 1 quasars
can be explained with tori with a relatively low number of
clouds along the equatorial direction (see Mor et al. 2009;
Mart´ınez-Paredes et al. 2016, for detailed modeling of the
nuclear IR emission of PG quasars).
As we also showed in Section 5.2 for the combined PDF
of SSil and αMIR, the shapes of the AGN mid-IR emission of
IR-bright and IR-weak quasars do not differ significantly (see
also Fig.6). This seems to imply that the predicted evolution
of the dust distribution around these two types of quasars is
taking place in short time scales which cannot be resolved
with our data. This agrees with the observational result that
red quasars make up only 15−20% of the quasar population
(see e.g., Glikman et al. 2012). Moreover, our classification
between IR-bright and IR-weak quasars is based on the IR
to optical ratios which is likely reflecting different levels of
star formation activity in their host galaxies as their far-IR
emission is dominated by this process (Netzer et al. 2007).
Finally, as discussed in Section 2, our sample of quasars is
likely mid-IR bright and thus it is possible we are missing
more evolved quasars with different mid-IR spectral shapes.
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Figure 8. AGN mid-IR spectral index αMIR against the AGN strength of the silicate feature SSil as derived with deblendIRS for both
the sample of IR-bright galaxies and the sample of IR-weak quasars. The error bars for the AGN mid-IR spectral index and strength
of the silicate feature are the 1σ confidence levels (Tables 3 and 4) of the PDF of the fitted models. The measurements are color-coded
by the AGN fractional contribution at 12 µm within the ground-based slits. The different symbols for the IR-bright galaxies indicate
different interaction stages, whereas the IR-weak quasars are shown as star symbols.
One exception in this mid-IR view might be the transi-
tion quasar Mrk 231 in our sample whose AGN silicate fea-
ture is intermediate between those of non-AGN dominated
IR-bright galaxies and quasars suggesting the presence of ex-
tra dust components. In Mrk 231, the nuclear silicate feature
(measured on physical scales of <400 pc) would indicate an
extinction of AV ∼ 10mag, using a foreground dust screen,
which is compatible with the value derived by Veilleux et al.
(2013) for the obscuration of the broad absorption line region
through which the broad line region is observed. The AGN
in the other two candidates to buried quasars (Mrk 463E
and IRAS 08572+3915N) have strengths of the silicate fea-
tures which are not compatible with those measured in op-
tically identified quasars, with IRAS 08572+3915N showing
in fact the most extreme absorption feature in our sample
of IR-bright galaxies and in general the local (U)LIRG pop-
ulation (Spoon et al. 2007). These three quasars could be
perhaps just before the blowout phase of the quasar evolu-
tion (Hopkins et al. 2006).
As can be seen from Fig. 8, a large fraction of non-
quasar IR-bright galaxies (8 out of 10) occupy a different
region from that of the quasars, especially in terms of the
silicate feature as we saw from the combined PDFs (see
Fig. 5). There is no clear trend of the AGN 5 − 15µm
spectral index with the AGN fractional contribution for
the IR-bright galaxy sample (see Fig. 9, lower right panel).
This would be expected if the AGN fractional contribu-
tion were to give an indication of the evolutionary stage
of the AGN. On the other hand, there is a tendency for
the AGN component of IR-bright galaxy nuclei with low
(< 10%) AGN fractional contributions to the total IR lumi-
nosity of the system to show deeper silicate features (Fig. 9,
lower left panel). These have a mean value of SSil = −1.7,
whereas the nuclei with AGN fractional contributions above
10% have a mean value of SSil = −0.1. This is simi-
lar to the trend found by Veilleux et al. (2009a) for H ii-
like optically classified ULIRGs to have deeper silicate fea-
tures. As pointed out by many works (Levenson et al. 2007;
Gonza´lez-Mart´ın et al. 2013; Alonso-Herrero et al. 2011;
Hatziminaoglou et al. 2015; Alonso-Herrero et al. 2016),
deep silicate features (SSil < −1) cannot be reproduced
by clumpy torus models (see e.g. Nenkova et al. 2008;
Ho¨nig & Kishimoto 2010), indicating either extended dust
components in the host galaxies (see Goulding et al. 2012)
and/or deeply embedded sources in more spherical configu-
rations. This is consistent with Haas et al. (2003) evolution-
ary prediction of a more embedded dust distribution sur-
rounding the AGN for the “cool” (i.e., star formation domi-
nated) ULIRG phase.
We do not find any clear trends of the AGN mid-IR
MNRAS 000, 1–20 (2016)
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Figure 9. Comparison between the derived AGN mid-IR spectral index αMIR and strength of the silicate feature SSil and the projected
nuclear separation (upper panels) and the ratio between the AGN IR luminosity and total IR luminosity of the system (bottom panels)
for IR-bright galaxies (only those not classified as quasars, 10 nuclei), IR-bright quasars and IR-weak quasars. The fully merged IR-bright
systems and IR-weak quasars are plotted at projected nuclear separations of 0.1 and 0.08 kpc for clarity.
properties in terms of the interaction stage (see Fig. 8) or
the projected nuclear separation (see the upper panels of
Fig. 9). For instance, the three AGN in the IR-bright galaxy
sample with the deepest silicate features are in interacting
galaxies which are not fully merged (that is classified as IIIb,
with projected nuclear separations between the individual
nuclei of less than 10 kpc). However, the LIRG NGC 7469
(not plotted here), which is classified as IIIa (its compan-
ion is IC 5283, located at a projected distance greater than
10 kpc) has an AGN silicate feature flat or slightly in emis-
sion (Ho¨nig et al. 2010), which is similar to the values mea-
sured in the (fully merged) quasars in our sample and other
Seyfert 1 nuclei (Thompson et al. 2009; Ho¨nig et al. 2010;
Alonso-Herrero et al. 2016). The other non-quasar IR bright
nuclei whose AGN is fitted with a deep silicate feature is
UGC 5101 which is believed to be fully merged.
In summary, since the AGN mid-IR spectral index and
the silicate feature trace the properties of the obscuring ma-
terial around the AGN (approximately the radial distribu-
tion of clouds and number of clouds in the context of the
clumpy dusty torus, respectively, see Ho¨nig & Kishimoto
2010) the only clear trend is for both IR bright IR-weak
quasars to show less obscuration than the rest of the nuclei in
the IR-bright galaxy sample which tend to have lower AGN
fractional contributions. We find no apparent relationship of
these properties with the interaction class of the host galaxy
or the projected nuclear separation between the nuclei. This
confirms that there is not a single evolutionary path for the
local IR-bright galaxies into AGN dominated systems, as al-
ready discussed in previous works (Rigopoulou et al. 1999;
Veilleux et al. 2009a; Farrah et al. 2009).
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Figure 10. AGN rest-frame 12 µm monochromatic luminosity
against the nuclear 11.3µm PAH luminosity as proxies for the
AGN luminosity and nuclear SFR, respectively, for the IR-bright
galaxy and quasar samples. Symbols and colors as in Fig. 7. The
11.3µm PAH luminosities and AGN 12µm fractional contribu-
tions are from the ground-based mid-IR spectroscopy except for
IC 694 and NGC 3690B (see text for more details). The filled
star symbols are IR-weak quasars with detections or upper lim-
its of the 11.3µm PAH feature. The inverted triangles are RSA
Seyferts for which the mid-IR spectroscopy probes physical scales
of a few hundred parsecs. The shaded area indicates the locus of
normal AGN, as defined by the location of the RSA Seyferts and
assuming they follow a linear relation (see text for details).
6.2 Nuclear star formation vs. AGN luminosity
In the last part of this work we investigate the relation be-
tween the nuclear star formation activity and the AGN lu-
minosity for our sample of local IR-bright galaxies. Numer-
ical simulations for major gas-rich mergers (Hopkins et al.
2008) predict a relation between these two quantities with
the correlation becoming more tightly coupled on smaller
physical scales (Hopkins & Quataert 2010). However, dy-
namical delays between the peaks of star formation ac-
tivity and AGN activity are also predicted and are also
a function of the physical scales where the star forma-
tion is measured (Hopkins 2012). From the observational
point of view this correlation has been observed for lo-
cal Seyferts in the Shapley-Ames (RSA) sample for nuclear
SFR measured on circumnuclear scales (radius of r = 1kpc,
Diamond-Stanic & Rieke 2012) and on 100-pc nuclear scales
(Esquej et al. 2014). Also Netzer et al. (2007) found a simi-
lar correlation for PG quasars using the 7.7µm PAH feature
as measured from Spitzer/IRS spectra and probing several
kpc scales.
Figure 10 shows the AGN rest-frame 12µm monochro-
matic luminosity against the nuclear 11.3µm PAH luminos-
ity as proxies for the AGN luminosity (see Asmus et al. 2015,
and references therein) and nuclear SFR, respectively, for
our IR-bright galaxy and quasar samples. Given the dis-
tances of the IR-bright galaxies and quasars in our sam-
ple the ground-based mid-IR spectroscopy probes physical
scales of a few hundred parsecs (see Table 5). For the near-
est LIRG in our sample, Arp 299, instead of the ground-
based mid-IR PAH luminosities we show the Spitzer/IRS
one which probes physical scales of approximately 700 pc.
For a subset of Seyferts in the RSA sample, Esquej et al.
(2014) showed that on nuclear scales (median of 60 pc) there
is a nearly linear relation (with a 0.4 dex scatter) between the
SFR (calculated from the 11.3µm PAH luminosity) and the
black hole accretion rate (derived from the AGN bolometric
luminosity). The RSA Seyferts are drawn from a magnitude-
limited catalog of galaxies and considered to be one of the
least biased samples of local AGN. As a comparison we in-
cluded in Fig. 10 those RSA Seyferts for which, depending
on their distance, the ground-based or the Spitzer/IRS slits
cover physical regions of a few hundred parsecs, as in our
samples. We note that quasar Mrk 509 is also part of the
RSA Seyfert sample.
Since most of the RSA Seyferts are not currently expe-
riencing major merger processes, we can use them to define
the locus of normal AGN (in the sense of their activity be-
ing driven probably by more secular processes) in the plot
showing the AGN luminosity (that is, black hole accretion
rate) and the nuclear 11.3µm PAH luminosity (nuclear star
formation rate). We plot this locus as a linear relation with a
0.5 dex scatter, similar to the scatter measured on r = 1kpc
scales, (see Diamond-Stanic & Rieke 2012). As can be seen
from Fig. 10, the quasars (both IR-bright and IR-weak) lie
at the high luminosity end of this locus defined by the RSA
Seyferts and are compatible with or lie just below the re-
lation found for lower luminosity AGN. This may suggest
that in some quasars the nuclear star formation activity is al-
ready dimming as predicted by numerical simulations. Some
of the other IR-bright galaxy nuclei (e.g., IC 694, NGC 1614,
NGC 6240N, IRAS 17208−0014) on the other hand, tend to
show enhanced nuclear star formation when compared to
normal AGN. This suggests they are in an earlier phase of
the AGN evolution when star formation dominates the ener-
getics of the system. Note that Alonso-Herrero et al. (2013a)
reached a similar conclusion for a sample of local LIRGs
at lower IR luminosities. However, this excess nuclear star
formation activity can be observed for both fully-merged
IR-bright galaxies as well as individual nuclei of close inter-
acting systems.
7 SUMMARY AND CONCLUSIONS
The evolutionary connection between IR-bright galaxies as-
sociated with gas-rich mergers and quasars was proposed
nearly thirty years ago. We used ground-based mid-IR imag-
ing and spectroscopy of a sample of 14 local (16 individual
nuclei) IR-bright galaxies (logLIR ≥ 11.4L⊙) and a com-
parison sample of 10 optical quasars to investigate this con-
nection. Among the IR-bright galaxies, which are mostly in
interacting or merger systems, five are classified as IR-bright
quasars based on their IR luminosity to optical B-band ra-
tios. We took advantage of the high angular resolution (0.3-
0.4 arcsec) afforded by mid-IR instruments on 8-10m-class
telescopes to study nuclear physical scales of hundreds of
parsecs in both samples with an improvement of almost a
factor of 10 with respect to Spitzer/IRS. This allows us to
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probe nuclear scales where the black hole growth and star
formation activity are believed to be more tightly coupled.
Using the deblendIRS spectral decomposition tool we
isolated the mid-IR emission due to dust heated by the
AGN from that due to nuclear star formation for both sam-
ples. This allowed us to derive AGN mid-IR properties such
as, the 5 − 15µm spectral index (αMIR), the strength of
the 9.7µm silicate feature (SSil), and the AGN rest-frame
12µm monochromatic luminosities, which provide informa-
tion about the nuclear dust distribution and the AGN contri-
bution to the IR luminosity. We also measured the 11.3µm
PAH feature emission on nuclear and kiloparsec scales, the
latter from Spitzer/IRS spectroscopy, as proxies for the star
formation activity in both IR-bright galaxies and quasars.
Our main results are as follows,
• IR-bright galaxies and quasars show similar high AGN
mid-IR contributions (median ∼ 80− 90%) within the slits.
However, the AGN IR contribution to the total IR luminos-
ity of IR-bright galaxies is significantly lower (between 1%
and 70%, median 10%) than in quasars (median 60%) in-
dicating that the former have significant contributions from
star formation activity.
• The shapes of the AGN mid-IR emission of IR-bright
and IR-faint quasars do not differ significantly, as demon-
strated by the similarity of the combined PDF of the derived
AGN 5− 15µm spectral indices (medians αMIR = −1.6 and
αMIR = −1.7) and strength of the 9.7µm silicate feature
(medians SSil = −0.03, that is, feature slightly in emis-
sion and SSil = 0.07, feature slightly in absorption). This
seems to indicate that the predicted evolution of the nuclear
dust distribution around these two types of quasars is tak-
ing place in short time scales and the differences in terms
of IR to B-band ratios are likely due to different levels of
star formation activity in their host galaxies. However, our
sample of quasars is likely to be mid-IR bright and therefore
miss some of the more evolved quasars.
• Based on the observed nuclear silicate features IR bright
and IR-weak quasars are likely to contain less nuclear ob-
scuring material than the rest of the nuclei in the IR-bright
galaxy sample (median SSil = −0.90). For the IR-bright
galaxies we found no clear trend of the AGN mid-IR prop-
erties (SSil and αMIR) with the interaction class of the host
galaxy or the projected nuclear separation. This confirms
that there is not a single evolutionary path for the evolution
of the dust distribution around the AGN hosted by local
IR-bright galaxies.
• From the comparison of the 11.3 µm PAH fluxes be-
tween nuclear scales (ground-based spectroscopy) and kilo-
parsec scales (Spitzer/IRS spectroscopy), we concluded that
star formation in many local IR-bright galaxies is extended
over several kiloparsecs and not uniformly distributed but
rather taking place in individual bright star forming re-
gions. The nuclear SFR of the IR-bright galaxies in our sam-
ple range between 0.6M⊙ yr
−1 for IC 694 and 7.6M⊙ yr
−1
for NGC 6240S. For the physical sizes covered by the
ground-based slits, these translate into nuclear SFR per unit
area between 18M⊙ yr
−1 kpc−2 for IRAS 17208−0014 and
160M⊙ yr
−1 kpc−2 for NGC 6240S.
• IR-bright and IR-weak quasars have more luminous
AGN (using the AGN 12µm luminosity as a proxy) and
higher nuclear (a few hundred parsecs) SFR (using the
11.3µm PAH luminosity as a proxy) than local Seyferts. For
their luminosities and compared to local Seyferts, the nu-
clear star formation activity of some local quasars is already
dimming, as predicted by numerical simulations of major
mergers. Some of the other IR-bright galaxy nuclei, how-
ever, show enhanced nuclear star formation at a given AGN
νLν(12µm) when compared to local Seyferts, indicating that
they are in an earlier star-formation dominated phase of the
interaction process. However, this excess nuclear star for-
mation activity is observed in both fully-merged IR-bright
galaxies as well as individual nuclei of close interacting sys-
tems.
The results of this paper highlight the evolutionary com-
plexity of the AGN and star formation energetics in the
the nuclear regions of local IR-bright galaxies and quasars.
The integral field unit of the mid-IR MIRI instrument
(Rieke et al. 2015; Wright et al. 2015) on the James Webb
Space Telescope will produce sensitive observations with
similar angular resolutions to the ground-based data an-
alyzed here while providing a broad spectral range (5 −
28.5µm) and high spectral resolution (R ∼ 1500 − 3500).
This will allow us to observe direct indicators of the pres-
ence of an AGN (i.e., detection of high excitation emission
lines), probe the nuclear star formation activity with differ-
ent tracers, and obtain the kinematics of the nuclear regions
of local IR-bright galaxies and quasars.
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APPENDIX A: EXAMPLES OF SPECTRAL
DECOMPOSITION WITH DEBLENDIRS
Even though deblendIRS was initially designed to perform
the spectral decomposition of Spitzer/IRS spectra, it can
also be used with ground-based data covering the approxi-
mate spectral range 7.5− 13µm. We only needed to change
the spectral range in the deblendIRS configuration file to
reflect that covered by the ground-based data. Additionally,
from the list of AGN templates we removed those in our
sample selected as such (see Herna´n-Caballero et al. 2015,
for more details). We note, however, that the mid-IR frac-
tional contributions of the STR, PAH, and AGN components
and the mid-IR spectral index αMIR are for the 5 − 15µm
spectral range.
We show in Fig. A1 examples of the deblendIRS
graphical output of the spectral decomposition of the
GTC/CanariCam spectra of two IR-bright galaxy nu-
clei in our sample, one dominated by the AGN emis-
sion (Mrk 463E) and one dominated by star-formation
(IRAS 17208−0014).
In Section 4.1 we remarked that based on the reduced
χ2 values, the majority of the ground-based spectra of the
IR-bright galaxies and the quasars were well fitted with de-
blendIRS using IRS templates. However, there are a few
cases with relatively high χ2 values so we need to determine
if this is due to the lack of appropriate spectral templates
in the deblendIRS database to fit deep silicate features.
In Fig. A2 we plot the reduced χ2 value of the best fit
against the derived strength of the silicate feature of the
AGN component. As can be seen from this figure, there
is a tendency for worsening χ2 for deeper silicate features
cod nuclei with χ2 > 10 having the deepest silicate feature
(SSil < −2). This might be in part due to the limited num-
ber of “obscured AGN” templates (22) in the deblendIRS
database versus the rest of “bonafide AGN” templates (159,
see Herna´n-Caballero et al. 2015, for further details). Also,
the χ2 value does not only depend on the appropriateness
of the templates but also the S/N ratio of the spectra.
In objects with very deep silicate absorption features,
the flux near the silicate minimum at 9.7µm is very weak
and can be a factor of ∼100 lower than in the wings at 8
and 13µm. The larger IRS aperture may admit substan-
tially more diffuse emission from the host galaxy than the
slits of the ground-based instruments, which can partially fill
in the silicate absorption minimum and change the shape
of the apparent silicate profile. This effect can be seen in
the comparison of the IRS and ground-based TReCS spec-
tra of NGC 4418 in Roche et al. (2015), where the absorp-
tion feature in the IRS spectrum is broader than the profile
measured with the ground-based instrument TReCS because
contributions from extra-nuclear emission flatten the mini-
mum and broaden the wings of the silicate profile whilst en-
hancing the PAH emission. The same effects can be seen in
the fit to IRAS 08572+3915N in Fig. A3. As more and higher
quality ground-based spectra become available, it may be
possible to employ them as templates, but the broader wave-
length coverage available from space missions would not be
available. In the same figure we also show the other two
IR-bright nuclei whose fits have χ2 > 10. IC 694 might
suffer from the same problem with the silicate feature as
IRAS 08572+3915N but it is not as extreme. Also the high
value of χ2 is due to the relatively poor fits of the PAH fea-
tures. In any case, both nuclei have small 1σ uncertainties in
the derived AGN SSil value due the above mentioned small
number of “obscured AGN” templates. For NGC 6240S the
high value of χ2 is likley caused by a bad atmospheric correc-
tion around 9.4 − 9.8µm and at the edges of the spectrum.
We conclude that for most objects in our sample the IRS
templates are appropriate for the spectral decomposition of
the nuclear mid-IR spectra.
APPENDIX B: COMPARISON OF DEBLENDIRS
RESULTS FOR SPITZER/IRS AND HIGH
ANGULAR RESOLUTION GROUND-BASED
SPECTRA
In this appendix we compare the AGN 5 − 15µm spec-
tral index αMIR and the strength of the silicate fea-
ture SSil derived with deblendIRS using Spitzer/IRS SL
spectroscopy (3.7 arcsec slit width) and high-angular res-
olution ground-based spectroscopy (slit widths between
0.52 and 0.75 arcsec) for the samples of IR-bright galaxies
and quasars. As done for the ground-based data, for the
Spitzer/IRS spectra we only fitted the approximate spectral
range 8− 12.5µm with deblendIRS. We show the compar-
ison between the derived AGN αMIR and SSil in Fig. B1.
As can be seen from this figure, the agreement between the
derived AGN properties is good within the derived 1σ un-
certainties. While the 1σ uncertainties of the derived AGN
αMIR and SSil for the quasars are similar for the ground-
based and IRS spectra, in some IR-bright nuclei, especially
those with low AGN fractional components, the IRS un-
certainties are slightly smaller probably due to the higher
S/N ratio of the IRS spectra. The most discrepant points
correspond to some of the IR-bright nuclei with deep sili-
cate features and/or for which the Spitzer/IRS spectroscopy
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Figure A1. Examples of the graphical output of deblendIRS for the spectral decomposition of the GTC/CanariCam 8 − 13µm
nuclear spectra of an AGN-dominated IR-bright galaxy: Mrk 463E (right panel) and a star formation dominated IR-bright galaxy
IRAS 17208−0014 (left panel). The top panels show the GTC/CanariCam spectrum in rest-frame (note that the label says “IRS spec”),
together with the best-fitting model (orange) and the stellar, PAH and AGN components in green, red, and blue. The PDF in the lower
panels are for the STR, PAH and AGN emission fraction (within the slit) in the 5 − 15µm spectral range rSTR, rPAH, and rAGN,
respectively; the strength of the AGN silicate feature SSil; the starburst and AGN fractional contribution at 12µm (within the slit) L12
SB and L12 AGN, respectively; the AGN fractional contribution at 6µm but since the rest-frame 6µm is not covered by the CanariCam
spectra the PDF of L6 AGN fraction is meaningless; the AGN αMIR spectral index derived for the 5− 15µm spectral range. For all the
PDF the shaded regions represent the 1σ confidence interval, that is, the 16% and 84% percentiles, whereas the solid and dashed lines
are the expectation value and the best-fit model value of the distributions, respectively.
could not isolate the individual nuclei (e.g., NGC 6240 and
IRAS 14348−1447).
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure A2. Comparison between the best-fit strength of the sil-
icate feature of the AGN component plotted with the associated
1σ uncertainties and the reduced χ2 value of the best fit obtained
with deblendIRS for the ground-based data. The star symbols
are the IR-weak quasars, whereas the circles are the IR-bright
galaxies (including the IR-bright quasars).
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Figure A3. As Figure A1 but for the three IR-bright nuclei with deblendIRS fits with χ2 > 10.
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Figure B1. Comparison between the AGN mid-IR spectral index (left panel) and the AGN strength of the silicate feature (right panel)
derived with deblendIRS for the ground-based and Spitzer/IRS spectra. The star symbols are the IR-weak quasars, whereas the circles
are the IR-bright galaxies (including the IR-bright quasars). The straight line is the 1:1 relation.
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